To examine metabolic correlates of insulin resistance in skeletal muscle, we used 31P magnetic resonance spectroscopy to study glycogenolytic and oxidative ATP synthesis in leg muscle of lean and obese Zucker rats in vivo during 6 min sciatic nerve stimulation at 2 Hz.
INTRODUCTION
The obese Zucker rat is widely used as a model of the insulin resistance present in skeletal muscle in non-insulin-dependent diabetes mellitus (NIDDM; type I1 diabetes) and human obesity [l-31. The main characteristic of insulin-resistant muscle is decreased rates of insulin-mediated glucose uptake and glycogen synthesis [4] . Intracellular metabolism of insulin-resistant muscle may be fundamentally altered. For example, fatty acids are preferentially oxidized by insulin-resistant muscle at rest, and this could inhibit the oxidation of glucose [l, 5, 61. During exercise, however, the insulin-resistant muscles rely more on carbohydrate than on triacylglycerol or non-esterified fatty acids for oxidation [7, The supply of oxygen to the muscle, the mitochondrial content and the activation of mitochondria all influence the amount of oxidative ATP synthesis. In view of the lower muscle capillary density, the lower capillaly-muscle fibre ratio and the reduced proportion of type I (slow-twitch, oxidative) fibres in plantaris and soleus muscles from the obese Zucker rats [9] , it might be expected that oxidative metabolism would be reduced in insulinresistant muscle in vivo. However, the content of oxidative enzymes is greater in insulin-resistant muscle 191. This may reflect an adaptation of the muscle as a consequence of the potential reduction in the oxygen supply.
The different pattern of substrate utilization (i.e. the greater reliance on carbohydrate than fatty acid for oxidative ATP synthesis) implies that the co-ordination of the catabolic metabolism in muscle is altered in insulin resistance. However, there is no detailed information on the relative contributions of oxidative and non-oxidative ATP synthesis (i.e. the contributions of carbohydrate and fatty acid oxidation and those of glycolysis producing lactate and phosphocreatine breakdown) in insulin-resistant muscle during exercise in vivo. These can be assessed by means of 31P magnetic resonance spectroscopy (MRS). A recent 31P-MRS study of Zucker rat muscle showed no significant difference at rest in lean and obese animals that had been fed or starved for 48 h [2] . During 6 min of 2 Hz sciatic nerve stimulation, fasted obese rats showed a greater fall in PCr/Pi and pH and an apparently slower recovery of PCr after stimulation [2] . Fasted lean and fed and fasted obese animals showed slower ADP recovery than fed lean animals [2] . It was concluded that fasting altered cellular energetics in lean and obese rats and fed obese rats showed abnormalities indicative of mitochondrial dysfunction [2] .
Quantitative analysis of ATP turnover in aerobic exercise at low power outputs (i.e. pure oxidative exercise) [lo-131 or ischaemic exercise (i.e. pure non-oxidative exercise) [14] [15] [16] is reasonably simple. Aerobic exercise at higher power outputs (mixed oxidative/glycolytic exercise) is more complex. There are contributions from oxidative and non-oxidative processes, both of which depend upon ATP demand, substrate supply and the activation of intracellular processes and hence raise questions about the control of glycogenolysis and how this is co-ordinated with oxidative ATP synthesis [14, 171. Rates of oxidative and non-oxidative ATP production during mixed exercise can be calculated by consideration of intracellular proton buffering, proton efflux from the cell and the stoichiometry of ATP and lactate production [14, 18, 191 . Such analysis can throw light on the control of glycogenolysis [14, 15, 171 and oxidative ATP synthesis [14, 191 , as well as distinguish the contributions of decreased metabolic efficiency or muscle mass from those of defective mitochondrial ATP synthesis by changes in pH and [PCr] observed during exercise [20] . In the study reported here, these methods of analysis [21] were applied to assess the co-ordination of oxidative and non-oxidative ATP production to establish whether the activation of intracellular pathways and hence metabolic priorities were altered during initial stages of contraction in insulin-resistant muscle.
METHODS

Experimental, biochemical and MRS methods
Female Zucker rats aged 15 weeks were housed four per cage and fed a standard laboratory diet. We studied 11 lean animals weighing 213 & 10 g and 10 obese animals weighing 346 +5 g (significantly different, P = 0.0001). The animals were anaesthetized with intraperitoneal fentanyl/fluanisone/ midazolam at a dose of 0.25/8.25/4.0 mg/kg and anaesthesia was maintained with 0.5% halothane in 50% nitrous oxide-50% oxygen until the end of the experiment, when the animal was killed. A platinum electrode was placed around the sciatic nerve and a Dadok coil [22] positioned over the calf muscles. The animal was placed in a vertical 7-T magnet (Oxford Magnet Technology, Oxford, U.K.) interfaced to a Biospec spectrometer (Bruker, Coventry, U.K.). After the acquisition of a 16-scan fully relaxed resting 31P-MRS spectrum (15 s interpulse delay), spectra were acquired with a 2 s interpulse delay at rest (128 scans) during contraction (two spectra of 16 scans and four spectra of 32 scans) and during recovery (four spectra of eight scans, four of 16 scans and six of 32 scans). The bandwidth was 2000 Hz. Muscular contraction was produced by supramaximal sciatic nerve stimulation at 2.0 Hz for 6min (pulse length 200ps) and the tension produced was monitored via a strain gauge attached to the Achilles tendon. The signal intensities were obtained by using a time-domain fitting programme (VARPRO, R. de Beer, Delft, The Netherlands).
Spectra were apodized with 20 Hz exponential linebroadening, and broad components were removed by trapezoidal multiplication. The absolute concentrations of Pi and PCr in resting muscle (mmol/kg wet weight) were then calculated from the Pi/ATP and PCr/ATP ratios in fully relaxed spectra using [ATP] measured spectrophotometrically in extracts of freeze-clamped resting muscle [23] .
Concentrations of Pi and PCr during exercise were calculated by direct comparison of signal intensities with those in the spectrum acquired at rest, correcting for incomplete relaxation. The pH was determined from the chemical shift of Pi relative to PCr 1241. The free cytosolic [ADP] was calculated from pH and [PCr] using the total creatine concentration ([TCr]) measured fluorimetrically in extracts of freeze-clamped muscle [25] :
where Keq, the equilibrium constant of the creatine kinase reaction [26] , is 6 x 1O1O mol/l. For kinetic analysis, data were assigned to the mid-point of the acquisition interval. The decrease in pH and PCr during the acquisition of the last exercise spectrum (which provides some of the data used for calculation of initial PCr recovery and proton efflux) was corrected for by linear extrapolation of pH and PCr/(PCr+Pi) from the mid-points of the last two exercise spectra to the end of the last exercise spectrum.
Potassium hydroxide digests of freeze-clamped samples were analysed to quantify the total protein content [27] . Muscle water content was measured by drying tissue samples to steady weight. A chloroform-methanol extraction was used to separate lipid and non-lipid fractions, and the fractions dried to steady weight to quantify the lipid content and lipidfree dry weight [28, 291 . Citrate synthase (EC 4.1.3.7) activity was measured by a spectrophotometric method [30] in homogenates prepared from the contralateral muscle, freeze-clamped at rest.
Analysis of exercise and recovery
Data were analysed as described elsewhere [14, 15, 21, 311 . Mathematical details are given in the appendix, and only an outline is given here. During exercise, ATP is produced by net hydrolysis of PCr, by glycogenolysis to lactic acid and by oxidative phosphorylation. At the very start of exercise, only the first of these is significant. The initial rate of ATP synthesis (i.e. the rate of ATP synthesis at the onset of exercise; t = 0) can be estimated by calculating the rate of net PCr hydrolysis at the onset of contraction from the measured, exponential, changes in intracellular PCr concentration. Total ATP synthesis rate is proportional to developed tension. The reciprocal of the constant of proportionality can be thought of as the 'metabolic efficiency' of the muscle (i.e. mechanical work obtained from the hydrolysis of 1 mol of ATP). Metabolic efficiency is established from the calculated initial rate of ATP synthesis and the initial measured tension, and is assumed to remain constant during the stimulation period (evidence for this is presented in the appendix).
During exercise, proton production by glycogenoiysis (and to a much lesser extent by oxidation) must equal the rate at which protons are buffered by passive processes and by net PCr breakdown, plus the rate of net proton efflux. We define the rate of ATP synthesis 'unaccounted for' by non-oxidative means without allowing for proton efflux: this is equal to the sum of the oxidative ATP synthesis rate and the component of glycogenolytic rate which gives rise to protons that are removed by net proton efflux. From this, rates of oxidative and glycogenolytic ATP synthesis can be estimated, providing we can correct for proton efflux. The proton efflux rate expected at each point is obtained on the assumption that it is proportional to the fall in cell pH, the constant of proportionality being obtained by an analysis of the exercise-recovery transition, which makes the end-exercise rate of oxidative ATP synthesis equal to the initial rate of PCr resynthesis. 
RESULTS
Resting muscle
Results from muscle at rest are shown in Table 1 . Muscle protein content was reduced in obese compared with lean animals when expressed per kilogram wet weight (by 20f2%) or dry weight (by 39f7%). The mass of water per kilogram wet weight was reduced by 21 f 7%. There were significant reductions in the concentrations of ATP and total creatine in obese compared with lean animals when expressed with respect to dry weight or to wet weight (Table 1) . However, no metabolite ratios differed, and there were no differences between the two groups when results were expressed with respect to total protein (not shown) or intracellular water content (see Discussion) ( Table 1 ). The content of the mitochondria1 enzyme citrate synthase was increased, but not significantly, in muscle from obese animals (obese 62k5 versus lean 54 k 3 mmol min-l kg-1 protein; P = 0.2). The lipid content of the freeze-clamped samples was significantly increased in muscle from obese animals (obese 0.24 k0.05 versus lean 0.10 f0.02 kgkg wet weight; P = 0.01).
Response to exercise and recovery from stimulation
The initial tension was similar in both groups (Table 2) , as was the tension over the whole of exercise ( P = 0.1 by ANOVA). The initial rate of ATP synthesis was significantly increased in obese compared with lean rats, therefore the overall mechanical efficiency was decreased by 50% in obese rats (Table 2) . During later exercise, the changes in pH did not differ between the two groups ( Fig. 1A) . The changes in PCr expressed relative to basal values were similar in obese and in lean animals ( Table 2) These differences were not statistically significant at the end of exercise alone ( Table 2) .
After the cessation of stimulation, there was no difference in the recovery kinetics of PCr ( Fig. 2A) or ADP ( Fig. 2C ) ( Table 2 ). The absolute rates of pH recovery were similar in both groups, although the difference in end-exercise pH makes this difficult to interpret in detail (Fig. 2B) . The calculated proton efflux rate and rate constant were similar in the two groups ( Table 2 ).
Further analysis of the exercise response
The rates of total ATP synthesis were higher in obese than in lean rats throughout exercise ( Fig.  3A) : this follows from the difference in initial ATP synthesis ( Table 2 ) and the similar, small changes in tension with time. After the initial point, the rate of ATP generation by net breakdown of PCr declined, and did not differ between lean and obese rats ( Fig. 3C ) and oxidative ATP synthesis rates (Fig. 4A ). This shows that the rate of glycogenolysis is similar in lean and obese animals during the early stages of exercise but that it is significantly higher in obese animals at the end of exercise. "., Table 2 ). (C) Rates of glycogenolytic ATP synthesis calculated on the assumption that proton efflux during exercise is linear with pH, and that the end-exercise rate of oxidative ATP synthesis is equal to the initial poststimulation rate of PCr resynthesis. Apparent glycogenolytic ATP synthesis is only significantly higher in obese animals at the last exercise point ( Table 2) . This is a function of the number of mitochondria (which is time independent) and time-dependent factors such as the vascular oxygen supply and calcium activation of mitcxhondrial dehydrogenases. By repeated-measures ANOVA, lean and obese animals dfier significantly with respect to the apparent maximum rate of oxidative ATP synthesis (P = 0.003).
must therefore reside extramuscularly. Irrespective of the location of the increased lipid content, the distribution of water between intracellular and extracellular compartments is unlikely to be affected significantly by the presence of lipid. The concentrations in mmolkg wet weight will therefore somewhat underestimate the concentrations per litre of cytosolic water. In the absence of measurements of intracellular water volume in lean and obese animals, this cannot definitely be resolved. Therefore, we have assumed that there is no redistribution of water in the obese Zucker rat muscle and calculated the intracellular water content per kilogram wet weight from which the intracellular metabolite concentrations can be expressed in mmol per litre of cell water. In Wistar rat muscle the wet-dry ratio is 4.35 (implying total water content of 0.77 kg waterkg wet weight) and the content of intracellular water is 0.67 kgkg wet weight (see references in [13] The measured metabolite ratios and concentrations of ATP, total creatine and PCr were not different in muscle from obese and lean rats. This is in contrast to a study of larger, and so presumably older, Zucker rats (490 g obese versus 230 g lean) in which there were no resting differences in terms of wet weight but a significant decrease in resting PCr/Pi ratio in the muscle of obese rats [2] .
Metabolic efficiency
Muscle from obese rats is either atrophied by about 50% or has an intrinsic metabolic efficiency (i.e. the mechanical work obtained from the hydrolysis of 1 mol of ATP) of 50% of that of insulinsensitive muscle, or both to some extent [31] . The results of magnetic resonance imaging in rats larger, and presumably older, than those used here showed a 30% reduction in the cross-sectional area of the posterior compartment of the leg [2] . When the peak twitch tension was normalized for the change in muscle area, there was no difference between the lean and obese animals [2] , suggesting that twitch tension can be used as a surrogate for muscle mass. In the present study muscle mass or area was not measured, but the similarity of peak twitch tensions in the two groups strongly suggests that there was no appreciable difference in muscle mass.
Metabolic efficiency, defined as the reciprocal of the 'ATP cost' of contraction [12, 33, 341 , is known to alter in pathological and experimental situations. For example, it is approximately doubled in mouse leg muscle depleted of creatine by treatment with the creatine analogue P-guanidinopropionic acid [33] , and this change appears to be due to changes in the isoforms of myosin [33] . Efficiency in rat leg muscle is also approximately doubled by acute ATP depletion induced by a combination of exhaustive exercise and inhibition of adenylosuccinate synthetase [12] . Efficiency appears to be substantially reduced in some human disease states, for example chronic uraemia treated by dialysis [20] . In none of these instances are the mechanisms well understood.
Mitochondria1 function
At 6 weeks, when insulin resistance is not well developed [l], there was no difference between lean and obese Zucker rats in the oxygen consumption of whole muscle in vitro, muscle homogenates and mitochondrial suspensions, or in the muscle activities of pyruvate kinase, citrate synthase, succinate dehydrogenase and cytochrome oxidase [32] . At 12-14 weeks, when insulin resistance is established [l], the obese rats had 20-30% greater muscle content of oxidative enzymes (cytochrome oxidase, citrate synthase and P-hydroxyacetyl-CoA dehydrogenase) than lean animals [9] . In the present study, the citrate synthase activity increased, but not significantly (by 13 +8%).
In the previous MRS stimulation study of Zucker rats larger, and so presumably older, than in the present study [2] , results from recovery were equivocal, but a slowing of the recovery of the PCr/Pi ratio in obese animals was taken as implying a degree of mitochondrial dysfunction. In the present work the recovery analysis unequivocally implies normal mitochondrial function. The initial recovery value of Qmax is a function of the adequacy of vascular oxygen supply, of muscle mitochondrial content and of the integrity and normal function of individual mitochondrial components [19] , and this was not different in the two groups.
Metabolic priorities in exercising skeletal muscle
In exercising skeletal muscle, changes in cytosolic pH [PCr] , [Pi] and [ADP] depend on the exercise power output, on the rate of net proton efflux from the cell and on the balance between ATP production by glycolysis, by oxidation and by net PCr depletion [14, 19, 211 . We have described an abnormal relationship between pH and [PCr]: the net PCr hydrolysis is greater but the change in pH is similar, therefore the rise in calculated free [ADP] is larger in the muscle of obese, insulin-resistant animals. In principle, such an increase in [ADP] might have any or all of three explanations: an absolute decrease in mitochondrial function, such as is seen in mitochondrial myopathies [35] ; reduced glycogenolytic ATP synthesis, of which an extreme example is seen in myophosphorylase deficiency [36] ; or increased proton efflux, such as is seen in hypertension [37] .
As we have seen, analysis of recovery rules out an absolute mitochondrial defect (see previous section). Also, analysis of recovery provides no evidence of an abnormality in proton efflux. We therefore turn to an analysis of exercise. The first thing to note is that the rate of ATP synthesis is significantly elevated in the obese Zucker rats compared with lean, insulinsensitive controls. Thus, for a similar work output, muscle of obese, insulin-resistant animals has an increased demand for ATP, which is met by an increase in the rate of oxidative ATP synthesis and anaerobically by an increased net PCr depletion. However, the rate of glycogenolysis in early exercise is not significantly elevated in muscle of obese, insulin-resistant animals compared with that of lean, insulin-sensitive animals (although Fig. 3C and Table 2 show a late increase in glycogenolysis in the obese animals).
The response of the muscle of obese, insulinresistant animals to an increased ATP turnover is different from that of insulin-sensitive animals. In Wistar rat muscle stimulated to contract at different frequencies, changes in [PCr], pH and [ADP] were all increased at higher frequencies [38] . In early exercise this was attributable to an increase in the rate of glycogenolysis [17] , as the contribution of glycolysis from extracellular glucose is negligible in exercise protocols of the short duration used here [39, 401. In humans in whom an increased ATP demand was occasioned by increasing the power output [14] there were no changes in [ADP] or oxidative ATP synthesis but an increase in non-oxidative ATP synthesis. This difference between the response to increased ATP turnover in Wistar rat muscle and in obese Zucker rat muscle suggests that there is an impairment in the mobilization of glycogen in muscle of obese, insulin-resistant animals in the early stages of contraction when it is usually the primary fuel source [40] .
The most striking feature of the analysis is the early activation of oxidation in the muscle of obese, insulin-resistant animals (Fig. 4A ). This is attributable to both an increase in [ADP] (Fig. 1C) and an apparent early activation of the mitochondria per se (Fig. 4B) . In addition to the muscle mitochondrial content and integrity, the apparent mitochondrial capacity during exercise is a complex timedependent function of the adaptation of blood flow to exercise, the time course of calcium activation of mitochondrial dehydrogenases (pyruvate dehydrogenase, isocitrate dehydrogenase and oxoglutarate dehydrogenase) [41] and perhaps other factors. Thus, the cause of this earlier activation in obese animals may be related to changes in the vascular oxygen supply and/or in the intramitochondrial calcium concentrations; it is interesting to note that intracellular calcium is elevated in insulin-resistant skeletal muscle [42] . It is unlikely that the increased reliance upon oxidation in the early stages of exercise can be accounted for by a change in the fibre type composition of the muscles being investigated. From the reported decrease in the proportion of type I fibres in insulin resistance [9] , it may have been predicted that oxidative ATP synthesis would, if anything, have been decreased. This is evidently not the case.
This early increase in oxidative ATP synthesis may reflect an adaptive mechanism by which insulinresistant muscle maintains the capability for an increased ATP production in light of a reduced capillarity [9] and perhaps impairment in glycogenolysis. The study cannot distinguish between fatty acid and carbohydrate as the substrate for this increased oxidation. The decreased [ATP]/[ADP] ratio throughout exercise in the insulin-resistant muscle will activate pyruvate dehydrogenase through decreasing pyruvate dehydrogenase kinase activity [43] . Starvation and insulin deficiency have been shown to reduce the proportion of pyruvate dehydrogenase which is dephosphorylated and hence active [6] . If a similar decrease in the activity of pyruvate dehydrogenase were characteristic of insulin-resistant muscle, an increased oxidation of fatty acid, and not carbohydrate, would be favoured. In the hindlimb muscle of mice treated with gold thioglucose, a model of the insulin-resistant skeletal muscle present in NIDDM and human obesity, the proportion of active pyruvate dehydrogenase was either increased or unchanged when compared with control mice [44] . As pyruvate dehydrogenase controls the flux of pyruvate entering mitochondrial oxidation [43] , an increased flux of pyruvate for oxidation may be expected, although an increase in fatty acid oxidation cannot be discounted. However, an increase in the oxidation of carbohydrate rather than fatty acids would be consistent with several reports of higher respiratory quotients in obese Zucker rats than in lean animals [7, 91 and also in NIDDM subjects [8] when longer periods of exercise were studied.
During the last minute of stimulation, the calculated rate of glycogenolysis was significantly higher in insulin-resistant animals than in insulinsensitive animals, whereas the rate of oxidative ATP synthesis (and [ADP]) is known to be similar in lean and obese animals in the later stages of exercise. This is surprising when one considers that the complete oxidation of carbohydrate yields a substantially greater quantity of ATP than the incomplete degradation of carbohydrate to produce lactate. The increased lactate produced in the insulin-resistant muscle towards the end of exercise period may have been derived from extracellular glucose rather than from muscle glycogen. The persistence of this increased lactate production in insulin-resistant muscle if the muscle was stimulated to contract for longer periods would be consistent with other data from obese Zucker rats in which increased liver glycogen was catabolized for ATP synthesis during steady-state exercise [7, 391 and a study of NIDDM patients [S]. The present study has identified differences in the control of the activation of intracellular pathways in insulin-resistant and insulin-sensitive muscle and hence provided a focus for future work investigating the biochemical mechanism responsible for the development of insulin resistance.
Implications
There are interesting similarities between the present results in obese, insulin-resistant rats and a recently reported 31P-MRS study of human subjects with impaired glucose tolerance and low birthweight [45] . In that study, the changes in [PCr] and [ADP] during early exercise in the low-birthweight group were larger than in normal-birthweight control subjects, a difference not explained by differences in body composition, muscle mass or blood flow. These results suggest, qualitatively, a reduced rate of glycogenolysis and increased reliance on oxidation in early exercise [45] , similar to the quantitative inferences in the present work. This similarity suggests that this might be a general feature of skeletal muscle in insulin resistance.
In conclusion, the results of the present study are consistent with a reduced metabolic efficiency, in terms of the ATP required to produce contractile force, as opposed to a reduced muscle mass in the insulin-resistant skeletal muscle of obese Zucker rats. The similarity in the peak twitch tension of the lean and obese rats is strong evidence against a change in the muscle mass. There is a significantly increased ATP turnover in the insulin-resistant muscle that is predominantly achieved by an increase in oxidative ATP synthesis. The insulinresistant muscle has an earlier activation of oxidation that is not entirely attributable to the increased changes in intracellular free [ADP] . As the mitochondrial capacity is not increased ('judged by the analysis of recovery and citrate synthase activity), this implies a change in the rnitochondrial activation during exercise that is perhaps related to an increase in intramitochondrial calcium in the insulin-resistant muscle. There is also an apparent delay in the activation of glycogenolysis. Insulinresistant muscle may be regarded as being more efficient with respect to its utilization of substrate for ATP synthesis because of this increased reliance upon oxidative ATP synthesis. An increased mobilization of muscle glycogen may therefore not be necessary. Such a change in the metabolism of glycogen could be responsible for the altered glucose metabolism of insulin-resistant muscle.
and is proportional to mechanical work (in this case, tension): the constant of proportionality is the ATP cost of contraction [12, 341 , and its reciprocal is metabolic (or contractile) efficiency [20] .
Protons are produced by glycogenolysis and, to a much lesser extent, by oxidation; they are buffered by passive processes and as a consequence of the net breakdown of PCr, and they are extruded from the cell (at total rate E ) by sodium-proton exchange, co-transport of protons with lactate ions and sodium-dependent bicarbonate-chloride exchange [46] . Equating proton production and consumption, we have:
(2) On the left-hand side of this expression, m = 0.16/[1 +10(6.1-pH)], the small number of protons produced per mole of oxidative ATP generated, and the factor 2/3 is the number of moles of protons (with lactate ions) produced per mole of ATP generated by glycogenolysis, which is dominant at least in the early stages of exercise [47] . On the right-hand side, cp = l/[l+ 10(pH-6.75)] is a stoichiometric factor relating to protons in the creatine kinase reaction and j? is the cytosolic buffer capacity. On the basis of measurements in muscle homogenates [47] , of analysis of very early changes in pH and [PCr] in exercise before glycogenolysis is activated [47] and of comparison of muscle lactate accumulation with pH change during short periods of exercise [46] , p for rat muscle is taken as 20 slykes plus the contribution of [Pi] [14] (the pH dependence of non-Pi buffer capacity [47] can be neglected in the present experiments).
Estimating metabolic efficiency
The relationship between ATP synthesis rate and developed tension is established by estimating the initial rate of ATP synthesis. A semilogarithmic plot of [PCr] against time is used to estimate the exponential rate constant (kpcr) of the fall in [PCr] . Using this, initial D (calculated as -d[PCr]/dt over the resting and first-exercise spectra) is extrapolated to t = 0, according to:
This estimates the true initial rate of PCr depletion [34] . From eqn (3), the metabolic efficiency (M> is calculated as:
Estimating oxidative and glycogenolytic ATP synthesis
In the later stages of mixed exercise, we define the rate of ATP synthesis 'unaccounted for' by non-oxidative means without allowing for proton efflux as:
in which F is obtained from eqn (3) and (4) as:
The quantity U is equal to the sum of the oxidative ATP synthesis rate and the component of glycogenolytic rate which gives rise to protons that are removed by net proton efflux: from eqns (l), (2) and (5), oxidative ATP synthesis can be estimated as:
in which the proton efflux rate expected at each point is obtained as:
E = -IApH (8) on the assumption of a linear relationship between proton efflux and pH with slope 1 (see below). Glycogenolytic rate can then be calculated as:
in which F is from eqn (6) and Q is from eqn (7) . Note that this analysis shows some formal similarity to the non-MRS calculation of oxygen deficit [48] : rather than measure oxygen consumption, calculate total rate of ATP turnover and obtain non-oxidative ATP synthesis (oxygen deficit) by subtraction [48] , we estimate non-oxidative ATP synthesis, calculate total rate of ATP turnover and obtain oxidative ATP synthesis by subtraction.
Estimating proton efflux
To use eqn (8) we can estimate I from the kinetics of recovery, during which an approximately linear relationship between proton efflux and pH is observed as the protons released by PCr repletion are extruded from the cell [14, 15, 37, 461 . We use the rate of change of pH and the rate of PCr resynthesis (V) at the start of recovery to calculate the end-exercise rate of proton efflux as:
(10) and then the effective proton efflux rate constant from this as I = -E/(ApH at end of exercise) (11) [To improve signal-to-noise, the initial rate of proton efflux in recovery is calculated as a mean of values calculated from the end-exercise and first recovery spectra (t = 0-1.4 min)]. Together, eqns (3)-(11) are equivalent to the method previously applied to Wistar rat muscle [49] . In this paper we make a modification [31] by requiring that the end-exercise oxidative ATP synthesis rate be equal to the start-of-recovery rate of PCr synthesis (a robust measurement) [14, 181 , and calculating the proton efflux rate necessary to sustain the required ATP synthesis rate. Using eqn (7):
and is used in eqn (13) to estimate the value of I to be used in eqns (9) and (11). In fact, there is good agreement ( Table 2) between I calculated from end-exercise data (eqn 12) and from initial recovery data (eqn lo), and this can be shown to imply that there is no significant change in contractile efficiency during the exercise (see below -Validity of the analysis).
Studying the regulation of oxidative ATP synthesis
To investigate the control of oxidative ATP synthesis, we calculate the apparent mitochondria1 capacity at any point in exercise from the estimated rate of oxidative ATP synthesis at any point and the corresponding [ADP]: Qmax = &( 1 +Km/[ADP]) (13) in which K, is the [ADP] for half-maximal oxidation rate [ll] , which in rat muscle in vivo appears to be around 50 pmolll [13, 381. In the special case of the end of exercise, we can use eqn (13) to calculate a robust estimate of Qmax using end-exercise [ADP] together with the initial rate of PCr resynthesis V (as an estimate of end-exercise Q) [19] . The interpretation of these quantities is discussed in the text.
Validity of the analysis
Oxidative ATP synthesis. Rates of oxidative ATP synthesis measured by post-exercise PCr resynthesis rates [38] , and inferred values of Qmax are similar to those measured by oxygen consumption [50] and by Pi-to-ATP magnetization transfer [13] . The values of Qmau calculated by analysis of recovery in human muscles [16, 20, 311 accord reasonably well with an independent estimate based on the measured mitochondria1 density and the measured maximal phosphorylation rate of isolated mitochondria [ 161.
Proton efflux
The apparent rate constant of proton efflux can be shown to be similar at the end of exercise and in early recovery in human quadriceps studied by direct efflux measurement [51] (G. J. Kemp, unpublished analysis of published data), and in the rat leg by comparison of direct measurement during exercise [52] with MRS analysis of recovery from exercise [46] . These observations support our assumptions.
Contractile efficiency
Efficiency is independent of ATP turnover when measured by MRS at the start of exercise [14, 16, 17, 34, 531 , and by oxygen consumption in steadystate exercise [48, 50, 541 . Efficiency, calculated from rates of non-oxidative ATP synthesis and isometric force, remained approximately constant in human quadriceps during 90 s ischaemic stimulation , in rat leg during 45 s tetanic stimulation [12] and (allowing for oxidative ATP synthesis, measured from PCr resynthesis rates) in human calf muscle during 2 min mixed isometric exercise [18, 531. Note that the assumption of constant efficiency, typically over 15 min, is the basis of the widely accepted non-MRS calculation of oxygen deficit [48] , to which, as noted above, the present analysis shows some formal similarity.
End-exercise efficiency can also be measured by comparing estimates of end-of-exercise total ATP synthesis rate obtained from eqn (6) with those obtained in a different way. The end-exercise rate of total ATP synthesis can be estimated by adding the end-exercise rate of PCr depletion, the initial postexercise rate of PCr resynthesis (taken as a measure of end-exercise oxidative ATP synthesis rate) and the rate of glycogenolysis: the last is the sum of the rate implied by the end-exercise changes in pH and [PCr] (according to eqn 2) and that implied by the initial post-exercise rate of proton efflux (estimated from initial-recovery data according to eqn 10 and taken as a measure of end-exercise proton efflux rate). It follows that End-exercise F = V+0+(3/2) [E+cpD-PGpHldt-rnT/I
The ratio of the estimates of end-exercise F from eqns (6) and (14) gives the end-exercise contractile efficiency as a fraction of its initial exercise value. In studies of Wistar rat muscle stimulated at 1-4Hz [17] , and of human forearm muscle exercised at 0.5-1.0 W [14] , this ratio was not significantly different from unity (G. J. Kemp, unpublished work) . In the present data set a similar conclusion is implied by the good agreement between i calculated from end-exercise data (eqn 12) and from initial recovery data (eqn 10) ( Table 2) .
